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6. The goal of this research was to utilize statistical methods to evaluate the probability of detection (POD) of defects in coatings using electronic shearography.
The coating system utilized in the POD studies was to be the paint system currently utilized on the external casings of the NASA space transportation system (STS) reusable solid rocket motor (RSRM) boosters. The population of samples was to be large enough to determine the minimum defect size for 90-percent probability of detection at 95-percent confidence POD on these coatings. Also, the best methods to excite coatings on aerospace components to induce deformations for measurement by electronic shearography were to be determined.
!I. BACKGROUND AND OBJECTIVES
It has been observed that chips of paint occasionally impact the external structure of the space shuttle during and after launch. It is believed that these paint chips originate as debonds in the paintprimer system used on the solid rocket boosters, external tank, or orbiter. The possibility exists for considerable damage to be inflicted upon the vehicle by these high-velocity impacts.
The All of the initial attempts involved the controlled application of a fluid to the substrate before the paint system was applied. A template was used to screen most of the panel and allow the application of the fluid to regions of prescribed areas. The concept in these debond simulation schemes is that the fluid used prevents the paint from bonding to the steel substrate where the fluid has been applied, thus producing a debond of a programmed size at a predetermined location.
Several fluid types were initially tested, including:
(1 Initial testing of the fluids to be used involved the application by hand of a small quantity and covering of the fluid with a coat of spray enamel. The Conoco HD2 TM grease was demonstrated to provide the most reliable debond simulation.
A series of debond patterns of various sizes were cut from sheets of magnetic vinyl sign material to act as a stencil during grease application. However, problems were encountered in the application of this fluid for programmed debonds.
Thiokol Corporation applied the HD2 TM with the Sonotech precision spray facility it maintains at MSFC. The machine was adjusted to provide a very fine coat of grease to simulate contamination for another project and could not be readjusted in the timeframe of this project. The thickest coat that could repeatedly be applied with this technique was 67 mg/ftL Assuming a uniform application, this quantity of lubricant will result in a layer approximately 0.030-mils thick.
These specimens did not produce debonds detectable by electronic shearography. It is suspected that either the paint was allowed to bond to the steel substrate through the grease or the grease layer was so thin as to create a "kissing debond." A kissing debond occurs when there is no rigid bonding between laminae, but either the material on both sides of the debond is sufficiently thick/stiff to resist influence by the debond or some force such as friction or coupling viscosity prevents the separation of the laminae. That is, the debond physically exists, but the deformation response of the debond to nondamaging excitationis the sameas thatof a normal bond. Since electronic shearography measures the motion of the specimens' surfaces, it cannot detect debonds that do not respond to excitation differently than the rest of the bonded region.
In the case of these panels, the ratio of the paint thickness to the underlying grease thickness was 4.5 miI_0.0299 mils = 150.5. The fact that the paint was more than 150 times as thick as the grease beneath it indicates that, if the paint over the region of grease is treated as a plate fixed around the edges, there was likely not enough grease to alter the stiffness of the paint above it with respect to the paint around it. Thus, the paint was viscously coupled to the plate surface where the fluid was applied and it behaved the same there as where no fluid was present. This behavior is typical of a kissing debond.
Thicker layers of grease were obtained when panels with the same type of stencils were hand sprayed by AC Engineering.
However, the deposited grease was found to be highly nonuniform. The specified target thickness for the grease was 2 to 3 mils. A sufficient volume of grease was applied to produce a uniforna layer 2.5-mils thick. However, the rectangular interior of the programmed debonds contained less than 1 mil of grease. The remaining fluid ran, puddled around the edges of the pattern, and seeped beneath the stencil. Thus, instead of a somewhat realistically simulated uniform debond, an unrealistic superposition of a uniform rectangular debond and a rectangular ring-like debond were fabricated. The geometry of these grease regions is depicted in figure 1 .
A typical shearogram of these panels, taken with the PW EH/SIS, is shown in figure 2. This shearogram was produced with thermal excitation and indicates that the motion of the thick rings around the unilbrm debonds is much larger than the motion of the uniform regions themselves.
It was not possible to produce enough motion in the thin interior regions that their response would be experimentally or analytically separated from the thick outer rings. Thus, the hand-sprayed panels did not allow for shearographical detection of the programmed uniform rectangular debonds. b. Solid In_rts. After failing to simulate coating debonds with fluids, solid inserts were used. The concept of simulating coating debonds with solid inserts requires that the insert not be bonded to the substrate.
The paint applied to th_ qsert then is not bonded to the substrate.
The first inserts tested were single-layer 0.5-mil-thick polymer films. However, the unpainted polymer inserts experienced massive plastic deformation with the slightest application of heat. A similar shriveling response was observed upon application of a thin coat of spray enamel before any heat was applied.It could not be concludedthata similar reactionwould not occuruponapplicationof the RSRM epoxies,andthusthe polymer insertsweredeemedunsuitablefor this study.
The bestpreliminary resultswereobtained with single-layer 0.5-mil-thick aluminum foil inserts. The use of these inserts required some form of edge bonding that would prevent the foils from leaving or moving around on the surface of the steel plates during shipping and painting while leaving a region of the foil of known size unbonded to the plate. Initially, hot-melt glue was applied in a very thin bead around all edges of the foil, but this decreased the actual size of the program debonds by an amount that could not be easily determined.
Subsequent tests indicated that a small amount of plastic tape (_--1 by 3 mm) allowed the foils to be anchored around the edges while leaving the entire bottom surface of the foil unbonded.
Square foils of various sizes, ranging from 3 to 24 mm on a side in 3-mm increments were arranged on the surface of the plates before painting. Table 1 shows the programmed debond sizes. The foils were placed with plastic tape as shown in figure 3 . The arrangement of foils is shown in figure 4 . Each painted plate contains seven debonds of each of the eight program debond sizes. Two identical panels were prepared, providing a total of 112 physical debonds. shearingangle (LTI patentNo. 4, 887, 899) . Thesheardistanceis thuspredetermined by the distance from theobjectto the shearography camera. Thesheardistanceis 0.75inchat an objectdistanceof 8 ft. This systemproducesbasicshearograms thatarethesuperpositionof a singleundeformedanda single deformedimage,eachof which is the superposition of two shearedimagesat the samedeformation state. For moreinformationon the techniqueof electronicshearography, seereferences1 through 12.
The PW EH/SISutilizes a modified Michelsoninterferometer(LTI patentNo. 5,094,528)and providesseveralimageenhancement functions.Frameaveragingacquiresa seriesof imagesat each deformationstate.The number of images acquired is user defined. At each deformation stage, the mean intensity of each pixel over the range of frames is used to produce a frame-averaged image. This function sharpens the features of the object surface and reduces noise.
Speckle averaging with the PW EH/SIS employs a stepper motor-driven etalon to rotate the illumination beam, and thus the laser speckle pattern on the object, by 90°between image series. That is, a series of images is acquired at each beam rotation and averaged to produce the image at each deformation state. The total number of frames that are averaged to produce each image is thus four times the number of frames to be averaged.
Speckle averaging produces sharper fringes and reduces noise.
The PW EH/SIS allows the user to place labels and pointers on the image as graphics. A video caliper is also provided that may be calibrated to real-world coordinates and allows for the on-screen measurement of detection sizes.
The LTI SC-4000 was less useful in the evaluation of the test plates, due to its high shear angle, than was the variable shear angle PW EH/SIS. The former system was intended for use in the detection of large structural delaminations and damage. Also, the image-enhancing capabilities of the PW EH/SIS facilitated the detection of small debonds in coatings. The LTI shearogram in figure 5 may be compared to the PW shearograms in the appendix I_)r the same plate, all of which utilized thermal excitation. Thus, the PW EH/SIS was utilized for this probability of detection study. DPY325Clight-emittingdiode(LED) pumped-frequency doubled-neodymium-doped yttrium-aluminum garnet(ND:YAG) laserwith a powerratingof 140mW at a wavelengthof 532nm.
Figu
2. Procedure. The painted plates were thermally excited to induce debond motion. The plates were lightly heated from the front with a hand-held heat gun. The undeforrned images were captured while the plate was still hot, and the deformed images were acquired after it had cooled. That is, the measured deformation was thermal contraction associated with the cooling of the material system.
The PW EH/SIS lens was oriented 8 ft from the surface of the test panels. The zoom lens was used to adequately fill the field-of-view with the test panel image while allowing the best focus. Each test panel was inspected individually.
Frame averaging was used with the number of frames set to four.
Speckle averaging was also used, and optional traveling fringes were not displayed. The image shearing distance was adjusted to 2-mm horizontal. 
D. Results
The results of the POD/SS analysis are shown in figures 6 and 7. It was found that the POD of detection is greater than 90 percent if the debond size is greater than 9.95 mm. However, in order to achieve 95-percent confidence, the debond size must be greater than 15.62 mm. Debond Size (ram) These results may be compared with a POD study conducted by LTI for an aluminum honeycomb aerospace battery housing (see reference 6). It was determined that the minimum flaw size for 90/95 detection was 7.16 mm (0.282 in) with a field-of-view 127-mm (5-in) wide. Thus, the minimum size is approximately 5.6 percent of the field-of-view.
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These results compliment each other despite the different apparatus, material systems, and geometries involved.
IV. DISCUSSION
The minimum debond size for 90-percent POD with 95-percent confidence is dependent upon several parameters.
For example, while the minimum size in this study was found to be about 5 percent of the field-of-view, this proportion is dependent on the size of the field-of-view. That is, if the same setup and analysis, including a 2-ram shear distance, were used with a 4-by 6-ft field-of-view, the minimum size cannot be extrapolated to be 5 percent x 6 ft = 3.6 in. The minimum debond size is also dependent on the image shearing distance, which is in turn dependent on the object distance and image shearing angle. Even if the shearing angle is kept the same, allowing the shearing distance to change, this type of extrapolation does not hold. If any procedure other than that described is to be used, a POD study must be conducted for that procedure.
The procedure used in this study was confined to the analysis of debonds on the 8-by 12-in plates provided by NASA. If it is desired to conduct electronic shearography inspection for coating debonds over a large surface, i.e., the entire surface of an RSRM, then, in the interest of time and expense, it may be preferable to evaluate a larger area with each inspection. For the reasons explained, and because debonds on a large curve structure will exhibit different detections than those on a flat plate, a POD analysis should be conducted on specimens which more closely resemble the area and curvature of the RSRM. However, the deviations associated with size and curvature may be simultaneously overcome by the development of an automated robotic or computer numerically controlled electronic shearography system. Even if larger areas are to be inspected, the simplest form of such an automated system would significantly decrease the time, and perhaps long-term expense, required to inspect such a large structure.
Electronic shearography fringe orders may be related to changes in surface slopes by the equation (derived in reference 5):
For this study, a shearing distance, s, of 2 mm was used. The PW EH/SIS laser provides illumination with a wavelength, _,, of 532 nm. From the equation above, each fringe in the resulting shearograms represents a change in surface slope of 0.133 mm/m. This may be expressed as an angle of 0.000133 radians or 0.00762°. 
V. CONCLUSIONS
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